We theoretically demonstrate soliton steering in P Tsymmetric coupled nonlinear dimers. We show that if the length of the P T -symmetric system is set to 2π contrary to the conventional one which operates satisfactorily well only at the half-beat coupling length, the P T dimer remarkably yields an ideal soliton switch exhibiting almost 99.99% energy efficiency with an ultralow critical power. © 2018 Optical Society of America OCIS codes: (060.1810) Buffers, couplers, routers, switches, and multiplexers; (190.7110) Ultrafast nonlinear optics; (250.6715) All-optical devices.
Since the first observation of both parity (P) and time (T ) symmetry in a coupled waveguide with gain in one core and equal amount of loss in the other core [1], P T -symmetric coupled dimers have been found to act as one of the most fertile sources for testing various P T related notions and concepts [2] . Moreover, such systems exhibit many unusual exotic phenomena like non-reciprocity of pulse propagation and power oscillations. Subsequently, the impact of P T -symmetry was explored in a host of diverse P T -symmetric optical systems, which include periodic structures [3, 4] , micro-ring resonator [5] , laser absorber [6] , fiber Bragg grating [7] and metamaterials [8] . They also exhibit other interesting dynamics like Bloch oscillations, unidirectional invisibility, etc. [9] [10] [11] . Most of the aforementioned works are generally devoted to study the different roles of P Tsymmetry on the fiber couplers rather than on the steering dynamics, which is an inevitable and a fundamental application of fiber couplers, influenced by the P T symmetric effect [12] . As a matter of fact, all-optical switching is a vital and central component of the integrated devices in lightwave communication systems, which needs specific attention in P T -symmetric couplers. Though an earlier study emphasizing the continuous wave (CW) switch has been carried out many years ago in a system of gain and loss [13] , it is a well established fact that the CW is a very poor candidate as it tends to break into multiple pieces during the nonlinear switching and thus one should consider the soliton pulses [14, 15] due to its particle like nature and also as a prominent one among other types of pulses including Gaussian and super-Gaussian. The objective of the present Letter is to explore the steering dynamics of optical solitons in nonlinear directional couplers influenced by such P T -symmetric effect. It is important to note that stability of solitons in such a P T -symmetric dimer has recently been stud- ied by Driben and Malomed [16] . As regards soliton switch, the practical implementation of all-optical soliton switching is put in dormant for many years due to the requirement of high amount of critical power (P cr ) needed to switch the solitons between the two channels of the coupler. By critical power, P cr , we refer to the peak power at which equal sharing of energy takes place between the parallel (bar) and the crossed states [17] .
In the present work we show that the need of huge amount of critical power is drastically reduced in couplers by exploiting the P T -symmetry through the combination of equal amount of gain and loss in their two arms.
The dynamics of solitons in P T -symmetric dimers (see Fig. 1 ) can be described by a system of coupled nonlinear Schrödinger equations. In such P T -symmetric dimers, the optical pulse propagation with balanced gain and loss is based on the slowly varying envelope (paraxial) approximation (SVEA) and the evolution equation with the so-called retarded time τ and the propagation distance ζ is written in the scaled form as [16, 18] i ∂Ψ 1 ∂ζ
where Ψ j (ζ, τ)'s (j = 1, 2) represent the complex-valued slowly varying field envelopes in the two channels of the P Tsymmetric couplers and κ is the normalized inter-core linear coupling coefficient. In the above Eqs.
(1) and (2) the second and third terms are, respectively, responsible for the groupvelocity dispersion and self-phase modulation (cubic nonlinearity), whose coefficients are scaled to be one. Also, the terms proportional to Γ in Eqs.
(1) and (2), which make the system to be P T -symmetric, are the balanced gain and loss, respectively. Note that in Eqs. (1) and (2), Γ > 0 corresponds to type 1 ( Fig.  1(a) ) and Γ < 0 refers to type 2 ( Fig. 1(b) ) P T coupler.
To identify the steering dynamics of solitons in the P Tsymmetric system, we first concentrate on the power-controlled steering, which is usually applied in all-optical steering following a spatio-temporal evolution dynamics. In the former case, when the pump intensity is fixed at a low value, the device acts as a linear fiber coupler wherein one can observe that the evanescent coupling tends to steer the input pulse from channel 1 to channel 2. Nevertheless, at a high pump intensity, the nonlinearity is induced and owing to this effect, the energy of the input pulse steers back to the channel 1 itself. The system is said to be in the so-called unbroken P T -symmetric regime as long as
. If the value of the gain/loss parameter equals the inter-core linear coupling coefficient, κ, the system results in a singularity condition (also known as exceptional point), whereas if the former exceeds the latter (κ < Γ), the system is said to be in the broken P T -symmetric regime [18] . In this work, we restrict the system to work in the P T -symmetric unbroken regime rather than in the other domains. Hence we scale the inter-core linear coupling parameter, κ, and the gain/loss parameter, Γ, to be 1 and 0.5 respectively unless otherwise noted. The coupled Eqs.
(1) and (2) are then numerically integrated by means of the pseudo-spectral method. To this end, we assume that the soliton profile with an amplitude q is excited only in the first waveguide channel whereas the second channel is kept empty, i.e.,
where q 2 indicates the pump intensity (input power). On the other hand, the transmission between the two channels is represented by a ratio of their corresponding integrated powers, as defined below:
with
Here P(0) is the integrated power of the incident soliton pulse, and P 1 and P 2 are, respectively, the output powers of the transmitted pulses in the port 3 and port 4 of the two channels (Fig.  1) . Also, the parameter L c refers to the total coupling length of the system. To demonstrate the soliton steering dynamics in the above system in detail, we considered couplers with different beating lengths ranging over π/2, π, 2π and 4π. It is found that the P T -symmetric effect flawlessly works on 2π coupler, shown in Fig. 2 3.5
(f) Fig. 2 . The steering dynamics of solitons for 2π conventional couplers (top panels) and 2π P T -symmetric couplers (middle panels). Relation between the critical power and gain/loss parameter in (Γ, P cr ) plane for (e) π/2 and (f) 2π P T couplers.
critical power to a lower value (P cr = 1.34) compared to the conventional one. Further, the number of unwanted steering and oscillations observed above the first critical power in the conventional couplers have been completely canceled and thereby allowing one to achieve a very sharp steering and an excellent transmission efficiency, which stays unity (almost 99.99% of energy transmission). Moreover, after the steering of solitons took place, the total transmitted energy stays in the channel 1 with a remarkable amplification. In fact, the amplification is more than a factor of 10 3 times compared to the transmitted intensity below the critical power or intensity. The total transmitted energy is almost equal to that of the one in the first waveguide, with negligibly very low energy shared in the channel 2, unlike the case with conventional couplers [cf. Figs. 2b and 2d] . Further, Figs. 2(e) and 2(f) illustrate the role of the critical power in the π/2 and 2π P T dimers. It can be observed that in the π/2 P T dimer the critical power linearly decreases with an increase in the gain/loss parameter. In particular, when the gain/loss parameter approaches the singularity condition, it manifests as ultra-low power switch by yielding a critical power, P cr = 0.035, when the gain and loss parameter is kept at Γ = 0.676. Likewise, even in the 2π coupler the critical power drops to a lower value as the gain/loss parameter grows, however with a little different dynamics. Due to the inclusion of Γ, the number of steering is reduced to two for Γ < 0.45. However, if we increase Γ beyond Γ > 0.45, it remarkably exhibits the sharp steering as observed in Fig. 2(c) . Also, it induces a phase shift between the two transmission curves (cf. Figs. 2(a) and 2(c)). Further, here too quite remarkable ultra-low critical power is obtained as P cr = 0.0107 when Γ is fixed at Γ = 0.7243 (refer Fig. 2(e) ). Thus, from all the above ramifications, one can conclude that unlike the conventional coupler, which operates the steering dynamics fairly well only in the π/2 coupler, the P T -symmetric coupler seemingly works for all domains of coupling lengths (in particular for the 2π coupler) with very low critical powers, which will firmly open up new possibilities for fabricating all-optical fiber components. Next, we discuss soliton steering in the following alternative configuration of the P T -symmetric coupler, with the first waveguide having loss while the second one having equal amount of gain (refer Fig. 1(b) ). We call it as type 2 hereafter for convenience. As depicted in Fig. 3 , it can be observed that the dynamics exhibited by the type 2 P T -symmetric coupler is quite different from that of type 1. Here, unlike type 1, above the critical power, most of the energy is transferred to the cross state, thereby retaining the transmission efficiency high in the cross channel with a sharp steering. It should be noted that this feature is enabled only if it is a 2π coupler, e.g. not in the π/2 coupler (see the inset of Fig. 3(b) ). On the other hand, in the π/2 coupler, it is expected that a channel with gain will obviously exhibit amplification and will try to stay in the same medium as the nonlinear phase (φ NL ) of the gain channel (no matter whether the gain is present in the bar or the cross channel) exceeds the lossy one by following the condition φ NL > 2π [17] . Owing to this fact, the steering dynamics is never complete and eventually it takes a huge pump intensity to finish the steering process. But, in the type 2 P T coupler of length 2π, it is totally different due to the delicate phase difference between the gain and the lossy modes, as well as the specific coupling length, which leads to a new route of switching from the input port to the cross channel.
Thus the above two P T -symmetric coupler configurations enable two different routing mechanisms employing soliton pulses by merely swapping the gain and loss parameters. If we change the launching conditions in type 1 coupler (see Figs. 3 (c) and 3(d), it exhibits a bit of modification in the switching dynamics.
Here we notice a small decrement in the transmission efficiency on the onset of steering (or in other words, it creates a 60:40 energy sharing in the linear domain like in type 2 P T coupler) and the amplification of output intensities is reduced to half compared to the former one (cf. Figs. 2(d) and 3(d) ). In order to investigate the soliton propagation dynamics in the P T -symmetric coupler,we depict the spatio-temporal evolution of the bright solitons in such a coupler. However, to understand the dynamics in proper perspective, we first demonstrate spatio-temporal evolution of solitons in the conventional 2π coupler in Fig.4 , where the soliton pulse is excited at the input port of channel 1. It may be observed that the pulse steers back and forth between the two channels and eventually exits at the output port of the same channel, which implies a route of the form In 1 → Out 3 . Moreover, the transmission of the pulses between the two channels is completely out of phase along the propagation direction (cf. Figs 4(c)-(4f) ). But the P T -symmetric type 1coupler (see Fig. 5 ) delivers a completely different sort of steering dynamics in sharp contrast to the conventional coupler. Here, the soliton pulse enters from input port of channel 1 and steers between the two arms and transmits at the output port of channel 2, where it makes a new energy route of In 1 → Out 4 . Compared to the conventional coupler, one can easily observe that in both the output channels, the powers of the pulse get amplified and a different transmission route is noticed (see Figs. 5e and 5f). The possible mechanism for this new route can be attributed to the fact that, in such P T -symmetric couplers, the transmissions T 1 and T 2 are not in phase and there exists a phase shift of π/2 between them (refer Figs. 5c and 5d ). However, in this type 1 P T coupler the total beating coupling length (analogous to the beat time period in quantum mechanics [19] ) increases due to the influence of gain/loss parameter. Next, we discuss the soliton propagation dynamics in type-2 P T -symmetric coupler. As can be seen from Fig. 6 , in this case, too, the soliton periodically steers to and fro between the two channels. If one increases the value of the loss/gain (−Γ) parameter, the following ramifications are observed. First, in both the channels, the pulse gets amplified along the propagation direction. Second, the energy of soliton pulses is equally shared between the two channels which opens up, possibly, a new 50 : 50 energy sharing P T -symmetric switch. Finally, the propagating soliton pulses are more stable in the two channels. Moreover, the coupling length of the steering dynamics is also dramatically decreased by causing a multiple steering in a given length of the coupler (see the bottom panels of Fig. 6 ). Overall, compared to the dynamics observed in type 1 P T -symmetric coupler, the dynamics of the type 2 P T -symmetric coupler delivers somewhat intriguing periodic steering than the former, for not only in the case of the 2π coupler but also for other coupling lengths, with a very small energy loss in the form of radiation on the soliton background.
To realize the proposed system in practice, we suggest to adopt the typical parameters used in fiber optics communication systems. For instance, if we set β 2 = −20 ps 2 /km near the wavelength λ = 1.55 µm and the pulse width T 0 = 50 fs, then dispersion length becomes L D = 12.5 cm. Hence the corresponding device length L equals to (ζ = z/L D ), 19.6 cm and 78.5 cm for π/2 and 2π couplers respectively. Also, consider the aforementioned critical powers as P cr = 0.035 pertaining to π/2 and P cr = 0.0107 for 2π couplers, which respectively give rise to 28 W and 8.56 W in real units if we consider the nonlinearity as γ = 10 W −1 /km. However, when femtosecond solitons are used, higher-order effects such as Raman response may affect the switching operations of the P T -symmetric dimer.
To conclude, we have studied the P T -symmetric soliton switch in a system of coupled dimer with balanced gain and loss. We have shown that such P T -symmetric soliton switch works remarkably well at a device length of 2π, yielding an ultra-low critical power of switching. It exhibits ultrafast soliton switching behaviour paving the way for attainment of an ideal switch in a real-time (physical) system, even with the inclusion of loss. We anticipate that the proposed soliton switch, specifically owing to the requirement of ultra low critical power of switching, will open up possibilities for experimental realization of soliton switching and also revive the interest in the phenomena of alloptical soliton switching.
A.G. thanks the Department of Science and Technology (DST) and Science and Engineering Research Board (SERB), Government of India, for providing a National Postdoctoral Fellowship (PDF/2016/002933). The work of M.L. is supported by a Distinguished Fellowship from DST-SERB. This research was also supported in part by the International Centre for Theoretical Sciences (ICTS) during a visit for participating in the program -Non-Hermitian Physics -PHHQP XVIII (Code: ICTS/nhp2018/06).
